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Abstract
Ensuring the reliability of all components within a weapon system becomes increasingly important as the stockpile ages. One of the most noteworthy surveillance techniques designed to circumvent (or take place alongside) traditional D&I operations is to collect a sample of gas from within the internal atmosphere of a particular region in a weapon. While a wealth of information about the weapon may be encoded within the composition of its gas sample, our access to that information is only as good as the method used to analyze the sample. It has been shown that cryofocusing-GC/MS offers advantages in terms of sensitivity, ease of sample collection, and robustness of the equipment / hardware used. 1 Attention is therefore focused on qualifying a cryo-GC/MS system for routine stockpile surveillance operations at Pantex. A series of tests were performed on this instrument to characterize the linearity and repeatability of its response using two different standard gas mixes (ozone precursor and TO-14) at various concentrations. This paper outlines the methods used and the results of these tests in order to establish a baseline by which to compare future cryo-GC/MS analyses. A summary of the results is shown below. 
Introduction
Ensuring the reliability of all components within a weapon system becomes increasingly important as the stockpile ages. Often, the accepted way to assess the condition of a particular weapon component is to employ disassembly and inspection (D&I) techniques, which are costly, time-consuming, and often destructive to the component being inspected. Alternatives to D&I operations are therefore highly desirable, especially those that could be employed in the field. One of the most noteworthy weapon surveillance techniques designed to circumvent (or take place alongside) traditional D&I operations is to collect a sample of gas from within the internal atmosphere of a particular region in a weapon. This gas subsequently undergoes chemical analysis, which can reveal a great deal of information about the state of the original weapon including the conditions under which it has been stored, the extent of hermeticity of the seals, and potentially how the weapon has aged. Gas sampling the internal atmosphere of a weapon or weapon component has many advantages in that it is fast, cost-effective, non-invasive, and can readily be employed in the field.
While a wealth of information about the weapon may be encoded within the composition of its gas sample, our access to that information is only as good as the method used to analyze the sample. In the past, a number of analytical techniques have been investigated for use to characterize the gas samples collected from weapons, including magnetic sector mass spectroscopy, solid phase microextraction (SPME), gas chromatography with a flame ionization detector (GC/FID), and cryofocusing gas chromatography / mass spectrometry (cryo-GC/MS). 1 Previous studies have been conducted to ascertain which of these methods reveals the most amount of information for trace organics from a weapon gas sample. GC/FID provides information about some small hydrocarbons (selected hydrocarbons containing less than 5 carbons) but is not configured to provide more. It has been shown that the method most suitable for sampling and analyzing a weapon atmosphere is cryo-GC/MS, as it offers advantages in terms of sensitivity, ease of sample collection, and robustness of the equipment / hardware used. 2 Attention is therefore focused on incorporating this analytical method into routine stockpile surveillance operations.
Currently, a cryo-GC/MS system at the BWXT Pantex Plant (a commercial HP5973 CG/MS with an Entech 7100 pre-concentrator and autosampler) is slated to become an integral part of the gas analysis activities that take place there. This system, developed under the Enhanced Surveillance Campaign (ESC) program, 3 will eventually perform organics analysis of samples captured in a gas sample bottles in the Enhanced Surveillance Campaign, the Core Surveillance program, weapon system samples, or any other component sample (component accelerated aging unit, etc.). However, before any analytical system can be incorporated into routine operations at Pantex, it must first undergo an Equipment Qualification (EQ) plan to demonstrate that it is operational within the required guidelines of sensitivity, repeatability, etc. In the case of the Pantex cryo-GC/MS system, an EQ plan was written to include studies which characterize the linearity, repeatability, and detection limits of the instrumentation. 3 A linearity study was additionally performed on a similar cryo-GC/MS system (Model 5973) at Sandia National Laboratories, Org. 1822, to provide further information about the cryo-CG method. This report seeks to summarize the methods and results obtained in this series of tests, thus establishing a "baseline" of instrument performance.
Experimental

Instrumentation
The cryofocusing GC/MS at Pantex is comprised of three separate units: the cryofocusing unit (Entech model 7100 pre-concentrator and auto-sampler), the gas chromatograph (HP 6890 gas chromatograph), and the mass spectrometer with mass selective detector (HP5973). The GC column is a J&W scientific (Folsom, CA) DB-1 column, 0.25 mm x 50 m x .25 μm (film) with a split injection (5.0:1 ratio with a split flow of 7.5 ml/minute). Helium (6.0 grade) was used as the carrier gas for the GC at a flow rate of 1.5 ml/minute. The oven program is -10 o C for 5.5 minutes, 5 o C/min to 130 o C and hold for 5 minutes, followed by a second temperature ramp at 20 o C/ min to 220 o C, hold for 5 minutes. This GC/MS is capable of analyzing many of the semi-volatile organics. In cryofocusing GC/MS, a trap is cooled to -150 o C, an aliquot of the gas sample in drawn through the trap where volatile species are concentrated, and the trap is then rapidly heated to liberate the condensed organics into the GC. With this technique, excellent detection limits can be realized since the volume of gas drawn through the trap can be varied to adjust the mass of organics condensed.
Though the primary focus of the testing described herein pertains to the characterization (and qualification) of the cryofocusing GC/MS system at Pantex, an analogous system at Sandia National Labs underwent qualitative testing for linearity. This was done to show that the trends observed in the data from the system at Pantex are applicable to other similar systems, useful for demonstrating that the data trends are method, and not system dependent. The cryofocusing GC/MS system tested at Sandia (Org. 1825, Bldg. 701) is an Entech model 7100.
Test Matrix
To understand the behavior and response of any analytical instrument, it is useful to submit it to a series of tests in which the parameter or parameters of interest are varied. The focus of the Pantex cryo-GC/MS testing described herein was to determine how the instrument would respond to variations in the amount of sample condensed in the cryofocusing trap (i.e., the concentration of the sample). Also of interest was to verify that the instrument is capable of detecting a wide range of organic compounds. A test matrix was therefore designed in which the concentration of the analyte was varied over several orders of magnitude, enabling a determination to be made about the linearity of the instrument's response over that concentration range. Also, two specific analyte concentrations-one in the "high concentration" range and one in the "low concentration" range-were chosen and several repeated runs were performed at those settings, providing information about the repeatability of the instrument's response at set parameters. In the "low concentration" regime, the analyte gas was diluted by a factor of 100 with dry nitrogen, where as the gas in the "high concentration" regime did not undergo dilution.
Two different standard gas mixtures were used to conduct Pantex cryofocusing GC/MS tests: "ozone precursor (OP)" and "TO-14," both common organic gas standard mixes. Each of these gas standards consists of a suite of many organic compounds (mostly low molecular weight, common industrial organics) at low concentrations with a balance of nitrogen. In these studies, each of the organics contained in the OP and TO-14 existed at nominal concentrations of 1 part per million (ppm) in the original gas mixture. These gasses were procured through Matheson Tri-Gas, and the compositions were certified by the vendor (see Appendix A). For the qualification testing of the Pantex GC/MS, the test matrix described above was performed independently using both ozone precursor and TO-14. Table 1 shows the original test matrix used.
(Note: In addition to the testing done on the Pantex instrument, tests were done on a similar instrument at Sandia National Laboratories to qualitatively characterize the linearity of the response with respect to concentration of the sample. These tests were performed using TO-14). The original test matrix is divided into two different concentration regimes: "high" and "low" concentration. In the low concentration regime, only very small amounts of the original sample gas were needed (1, .25, .5, and .1 cc of gas). However, the cryofocusing system is not capable of tightly controlling such small amounts of flow, and any error in the amount of gas captured in the cryo trap would be greatly magnified in the final results. Therefore, as a measure of maintaining the accuracy of the desired concentrations, the original standard gas was diluted by a factor of 100 with dry nitrogen prior to analysis. This allowed for a large amount of the diluted sample gas to be condensed by the cryofocusing unit (10, 25, 50, and 100 cc), resulting in a much tighter control of the "low concentration" regime in the test matrix.
Adherence to Qualification Documents Section 4.6 of SS306587AJ "Process Requirements for Sampling and Analysis of Gas Samples from Internal Weapon Atmospheres" states that new gas analysis techniques applied to stockpile surveillance (including cryofocusing GC/MS) must undergo two studies before they can be added to the list of accepted methods. 4 These two requirements are:
"Before these techniques can be added to this requirement, a study of their impact, if any, on water vapor measurement must be conducted and added to this SS." 2. "…a study of the technique's impact on the Sequence of Operations in Section 4.2.4 must also be conducted and is subject to a requalification requirement if necessary."
In the case of cryofocusing CG/MS, these two points are easily addressed. First, the water vapor measurement will not be affected, as the gas sampling takes place after the frost point measurement in the sampling procedure (as outlined in Figure 1 of SS306587AJ). Second, the gas sample needed for cryo-GC/MS is extracted during the accepted procedure outlined in Figure 1 of SS306587AJ; that is, collecting a gas sample for cryo GC/MS entails simply opening an evacuated gas sample bottle, which has no impact on the existing procedure whatsoever. (This is in contrast to a method such as SPME, which requires that the collection fiber remain exposed to the internal atmosphere of the component for a more prolonged period.
)
Results
Each of the two gas standards (ozone precursor and TO-14) was used to perform the test matrix (shown in Table I ) on the Pantex cryofocusing GC/MS system. In each of the runs, total ion concentration (TIC) values were generated by the mass spectrometer for each individual organic compound retained in the cryofocusing trap (and later separated in the GC column). These TIC peaks are a direct measure of the total signal intensity generated by a particular organic compound in the sample. A typical GC/MS chromatogram with TIC peaks is shown in Figure 1 . Since each organic compound in the analyte gas generates a unique TIC peak at a certain retention time in the chromatogram, trends in individual TIC peak intensities can be tracked over the various tests performed in the test matrix. This is what ultimately provides information about the linearity and repeatability exhibited by the instrument. Tables with the peak identification information for each of the gas standards can be found in Appendix B. 
Linearity Testing
The ability of the cryo-GC/MS instrument to produce linear results is investigated by plotting the TIC intensities of the individual peaks over the range of sample concentrations used in the test matrix. These plots are summarized on the following pages (Figure 2 : Ozone Precursor, low concentration range. 
Linearity Testing-Discussion
As expected, the data from both the ozone precursor and TO-14 outline a direct proportionality between sample concentration and signal intensity. However, the difference in the shape of the curves (i.e slope) between high and low concentration is quite pronounced. This is true for both ozone precursor and TO-14. The difference becomes even more apparent when a least-squares linear fit is applied across the entire concentration range, in which case the R 2 value for the linear fit drops to ~ .87 and ~.84 for ozone precursor and TO-14, respectively (see Table 2 ). The reassuring thing to note is that the slopes for all of the peaks are relatively constant within the two concentration ranges, and the minor deviations from linearity are consistent for all the peaks in the chromatogram. These deviations and the differences in slope values between concentration ranges can most likely be attributed to discrepancies in the dilution factor and / or the measured volume of the analyte, rather than some inherent effect exhibited by the instrument.
Repeatability Testing
The ability of the cryo-GC/MS instrument to produce repeatable results is investigated by plotting the TIC intensities of the individual peaks at a set sample concentration. These plots are shown on the following pages (Figure 6 : Ozone Precursor, low concentration. Figures 6-9 , each curve represents a peak at a specific retention time in the chromatogram. Legends and obvious outlying were omitted in these plots. A summary of the results is given in Table 3 . Cryo-GC/MS system at Sandia National Laboratories In addition to the testing done on the Pantex instrument, tests were done on a similar instrument at Sandia National Laboratories to qualitatively characterize the linearity of the response with respect to concentration of the sample. These tests were performed using TO-14. The results of this test, useful from a qualitative standpoint to demonstrate the overall response of an instrument similar to the cryo-GC/MS at Pantex, are shown below in Figure 10 . It can be seen that the response is highly linear for all the peaks observed. 
Conclusions
Cryo-GC/MS has been shown to have many advantages over alternative methods for trace organics analysis of gas samples taken from the internal atmospheres of weapon components. Some notable advantages are:
• The technology associated with cryo-GC/MS is mature and accepted.
• The sampling procedure is fast, simple, and employs robust hardware.
• Once a sample is taken, it remains viable for months.
• Cryo-GC/MS exhibits excellent sensitivity with minimal background interferences.
The data presented in this paper summarizes the testing done on a cryo-GC/MS system at Pantex in order to characterize its performance and qualify it for routine use in stockpile surveillance. This data set is meant to serve as a baseline by which to compare future data collected using this technique.
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